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Polysialic acidNegatively-charged polysialic acid (polySia) chains are usually membrane-bound and are often expressed on the
surface of neuroinvasive bacterial cells, neural cells, and tumor cells. PolySia can mediate both repulsive and
attractive cis interactions betweenmembrane components, and trans interactions betweenmembranes. Positively-
charged long-chain basesarewidelypresent in cells, are often localized inmembranes and can function asbioactive
lipids. Here we use Langmuir monolayer technique, ﬂuorescence spectroscopy and electron microscopy of lipid
vesicles to study the role of a simple long-chain base, octadecylamine (ODA), in both cis and trans interactions
mediated by polySia inmodelmembranes composed of ODA and dioleoylphospatidycholine (DOPC).When added
free to an aqueous solution, polySia increases the collapse pressure of ODA/DOPCmonolayers, reduces the effect of
ODA on the limiting molecular area, inverses the values of excess area per molecule and of excess free energy of
mixing from positive to negative, and induces fusion of ODA/DOPC vesicles. These results suggest that a polySia
chain can act as a multi-bridge that mediates cis interactions between different components of a lipid membrane,
disrupts membrane aggregates, and mediates trans interactions between lipids in apposing membranes. These
observations imply that polySia in cellular systems can act in a similar way.r, Cellular and Developmental
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Cellular polysialic acid (polySia) chains are found in bothprokaryotic
and eukaryotic cells, and they are usuallymembrane-bound (for review
see [1–6]). They form a capsule surrounding neuroinasive Neisseria
meningitidisserogroups B and C, Escherichia coli K1, and some other
bacterial strains. In bacteria, polySia chains are linked to phosphate
groups of phospholipids in the outer bacterial membrane. In mammals,
polySia is usually attached to the plasma membrane via membrane
anchors such as neural cell adhesion molecule (NCAM) in neural cells,
SynCAM in synaptic plasmamembrane, and sodium channel, potassium
channel, and glycoprotein in the plasmamembrane of sea urchin sperm
ﬂagella. Because of structural identity between bacterial and human
polySia, the polySia chains are poorly immunogenic.
PolySia chains are negatively-charged at physiological pH since the
carboxyl group of the sialic acid monomer has a pK of ~2.6. Because of
high degree of hydration polySia chains can shield the membrane
carrier as well as the host membrane from binding to other molecules
or apposing membranes of other cells. In contrast to these shielding
effects, polySia can also mediate attractive interactions with proteins
(e.g. with brain-derived neurotropic factor, [7]), proteoglycans [8],
other polySia chains [9], or phospholipids [10]. PolySia can modulatesurface charge density of the membrane, pH at the membrane surface,
and membrane potentials [10–12].
Long-chain bases such as sphingosines, sphinganines, or phyto-
sphingosines are not only intermediates during biosynthesis of their
phosphates, but they can act as cellular bioactive lipids. For example,
sphingosine was found to modulate the fusion process between
synaptic vesicles and neural plasma membrane [13], and psychosine
(galactosyl-sphingosine) was found to accumulate in membrane rafts
and disrupt their architecture [14]. Here we used octadecylamine
(C18-amine, ODA) as a simple, truncated (lacking hydroxyl groups)
chemical form of cellular long-chain bases. Both sphingosine and
octadecylamine are positively-charged when incorporated into
liposomal membranes at physiological pH, with a pK of the amine
group between 7 and 9 depending on membrane surface charge, ionic
strength of the solution, and chemical structure of the lipid-solution
interface [15–17]. In this report, we use the Langmuir monolayer
technique, ﬂuorescence spectroscopy and electronmicroscopy of lipid
vesicles to study the effect of a long-chain base ODA on polySia-
mediated interactions within a lipid bilayer (cis interactions) and
between bilayers (trans interactions).
2. Materials and methods
2.1. Chemicals
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), polySia
(poly-α2,8-acetylneuraminic acid, sodium salt, from E. coli K1), and
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Fig. 1. Isotherms of compression of monomolecular layers composed of ODA and DOPC
at molar ratio of 0.1, at the air–water interface without polySia (dashed line) or in the
presence of a polySia (solid line) at a concentration of 0.05 mg/ml in the subphase.
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purchased from Sigma. 8-aminonaphthalene-1,3,6-trisulfonic acid,
disodium salt (ANTS) and p-xylene-bis-pyridinium bromide (DPX)
were purchased from Invitrogen. ProbeQuant G-50 Sephadex Micro
Columnswere purchased fromAmersham Biosciences. Sephacryl S-200
and S-300 were purchased from Amersham Pharmacia.
2.2. Puriﬁcation and characterization of polySia
Puriﬁcation and characterization of polySia were done as described
[10]. Brieﬂy, polySiawas treated at 60 °C for 1 hatpH5 inorder to remove
any residual lipids. Because these conditions are known to induce the
formations of lactones, lactones were opened by brief exposure to alkali
[18]. Final puriﬁcation was achieved by chromatography on Sephacryl S-
300 and precipitation by 80% ethanol. The Sephacryl S-200 and S-300 gel
ﬁltration was used for the estimation of the average degree of
polymerization (DP) of puriﬁed polySia using molecular weight markers
[7]. The estimation ofDP of polySiawas conﬁrmedby using radio-labelled
nucleic acid molecular weight markers, thus allowing simultaneous
measurement of radioactivity (marker location) and UV absorption at
200 nm(polySia location). A spectrumof chain lengthswas detectedwith
a maximum in the range of DP=40–60, and with an average DP of ~50.
Neuraminidase digestion of polySiawas performed at 36 °C for 60 min, at
concentration of 50 mU of enzyme per μg of substrate [18].
2.3. Monolayer formation and isotherm recording
Monolayer experiments were performed as previously described
[10]. Brieﬂy, the monolayers were deposited by spreading a proper
volume of ODA/DOPCmixture in chloroform. Prior to isotherm recording
(temperature 24 °C, humidity 85%)monolayerswere equilibrated at zero
pressure for 5 min to allow evaporation of chloroform. Surface pressure
wasmeasured by tensiometer PS 3 (Nima Technology). The experiments
were performed both in the presence of polySia (0.05 mg/ml) and in the
absence of polySia in the subphase.
The excess area per molecule, ΔAex, was calculated according to
the equation [19]:
ΔAex = A12– A1X1 + A2X2ð Þ
where A12 is the mean area per molecule in a mixed monolayer at a
constant surface pressure, A1 and A2 are themolecular areas of a single
component at the same surface pressure, and X1 and X2 are the mole
fractions of components 1 and 2 in the mixed ﬁlm.
The excess free energy of mixing, ΔGexc, was calculated according
to the equation [19,20]:
ΔGexc = ∫
Π
Πo
A12−X1A1−X2A2ð ÞdΠ
whereA12 is the area permolecule in themixedﬁlm,A1 andA2 aremolar
areas in pureﬁlms, X1 andX2 are themole fractionsof components 1 and
2 in the mixed ﬁlm, and Π is the surface pressure. The integrals
correspond to the areas under theΠ-A isotherms, and Πo is deﬁned as
the surface pressure where the monolayer components are ideally
miscible. It is generally assumed thatΠo is close to zero. In practice,Πo is
commonly set to the lowest measurable surface pressure, and in this
workΠo was set to 0.4 mN/m.
2.4. Fusion assay using ﬂuorescence spectroscopy
The fusion assayswere performed using the ﬂuorescence quenching
with theﬂuorophore ANTS and thequencherDPX [21,22]. The following
liposomal pools were prepared: DPX liposomes containing 90 mMDPX
inside; ANTS liposomes containing 25 mM ANTS inside, (ANTS+DPX)
liposomes containing both ANTS and DPX inside. The liposomes wereseparated from untrapped material using two subsequent passages
through ProbeQuantG-50 SephadexMicro Columns. The solutionswere
adjusted to the same osmotic pressure. The quenching of ANTS
ﬂuorescence, resulting from fusion between ANTS liposomes and DPX
liposomes,wasmonitored in timeat25 °Cusingexcitation and emission
wavelengths of λex=354 nm and λem=509 nm, respectively.
2.5. Transmission electron microscopy (TEM)
The experiments using transmission electron microscopy (TEM)
were performed as described previously [10]. Brieﬂy, lipids were
hydrated at 45 °C for 24 h and the vesicle dispersionswere obtained by
vortexing hydrated lipids. The samples were dried at room temper-
ature on a Formvar membrane and negatively stained by depositing a
drop of 1% aqueous uranyl acetate solution for 1 min. The grids were
rinsed using water (Millipore).
3. Results
To study the interactions between polyanionic polySia and a lipid
bilayer composed of a neutral phospholipid DOPC and a long-chain base
ODA, we measured the surface pressure area isotherms for mixed
monolayers of variousODA/DOPC compositions, formedat the air/water
interface (Fig. 1). The relativemolar concentration of ODA inODA/DOPC
ﬁlms ranged from 0 to 0.1. DOPC isotherms underwent the usual
behavior observed for unsaturated phospholipids during compression.
First, a transition from a gaseous state to a liquid expanded state was
observedwith a small increase in surfacepressure. The subsequent large
increase in surface pressure indicated the formation of a liquid
condensed state of the monolayer. When collapse occurs, a portion of
the molecules are forced out of the monolayer. The collapse pressure is
determined from the change of the slope of the isotherms occurring
during a further compression of the ﬁlm [20]. The presence of polySia at
a concentration of 0.05 mg/ml increased the collapse pressure, Πcol, of
ODA/DOPC monolayers up to 70 mN/m (Fig. 2) which may reﬂect a
stabilization effect of polySia on ODA/DOPC membranes.
The limitingmolecular area represents the beginning of observable
intermolecular forces between adjacent molecules in the monolayer
[20,23]. The limiting molecular area, corresponding to the area
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Fig. 2. Collapse pressure, Πcol, of mixed ODA/DOPC monolayers as a function of molar
ratio of ODA/DOPC without polySia (circles) or in the presence of polySia (squares) at a
concentration of 0.05 mg/ml in the subphase.
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Fig. 4. Excess area per molecule, ΔAex, of mixed ODA/DOPC monolayers as a function of
molar ratio of ODA/DOPC, at different constant surface pressures, without polySia
(circles) or in the presence of polySia (squares) at a concentration of 0.05 mg/ml in the
subphase, at different constant surface pressures. Arrows indicate increasing constant
surface pressures: 1, 2, 4, 8, 16, and 32 mN/m.
2324 T. Janas et al. / Biochimica et Biophysica Acta 1808 (2011) 2322–2326occupied by molecules at the surface pressure of 0.4 mN/m [20] is
shown in Fig. 3 as a function of ODA/DOPCmolar ratio. The presence of
ODA in the monolayer at small relative concentrations increased the
limiting molecular area, A∞, up to 220 Å2. PolySia substantially reduced
this effect of ODA on A∞. These data suggest that polySia chains can bind
to the ODA molecules and shield their repulsive interactions, thus
shifting the transition of themonolayer froma gaseous state to the liquid
expanded state.
The interactions of two mixed monolayer components can be
studied from the point of view of miscibility of the components, based
on the calculations of the excess area permolecule,ΔAex, as a function of
composition [19]. According to the additivity rule [24], a mixed
monolayer can show nonideal behavior as a consequence of the
interactions between the two components. When the two components
are immiscible or form an ideal mixture, ΔAex equals zero. In Fig. 4 we
calculated theΔAex values for ODA/DOPCmixed systems (bothwith and
without polySia in the subphase) as a function of the monolayer
composition at various surface pressures. The plots showdeviations from
linearity in the studied range of ODA/DOPC ratios, indicating nonideal
behavior of the mixed monolayer and nonideal miscibility of the
components, suggesting the existence of the interactions between the100
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Fig. 3. Limiting molecular area, A∞, of mixed ODA/DOPC monolayers as a function of
molar ratio of ODA/DOPC without polySia (circles) or in the presence of polySia
(squares) at concentration of 0.05 mg/ml in the subphase.components. In the absence of polySia, positive deviations from ideality
were observed, suggesting repelling interactions between the compo-
nents. In contrast, in the presence of polySia, negative deviations were
observed, suggesting polySia-induced attractive interactions between
the components.
Excess free energy of mixing, ΔGexc, gives information on whether
interactions between membrane components are energetically
favored (ΔGexcb0) or not (ΔGexcN0) as compared to an ideal mixture
[25]. The positive values of ΔGexc indicate a tendency of molecules to
interact preferentially with molecules of the same kind, suggesting a
formation of aggregates. In addition, a minimum in the plot of ΔGexc
versus molar ratio suggests a formation of a complex between
molecules of different species [25]. Negative values of ΔGexc indicate
more attractive interaction between membrane components as
compared to those in a pure monolayer [19]. Moreover, lower values
of ΔGexc indicate that the mixed ﬁlm is more stable. In Fig. 5, we
calculated ΔGexc values for ODA/DOPC mixed ﬁlms as a function of
monolayer composition at a surface pressure of 15 mN/m. The values
of ΔGexc were strongly dependent on the presence of polySia in the
subphase. In the absence of polySia, the values ofΔGexcwerepositive for
ODA/DOPCmolar ratios below 0.05, with a maximum at the ODA/DOPC-60
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Fig. 5. Excess free energy of mixing, ΔGexc, of mixed ODA/DOPC monolayers as a
function of molar ratio of ODA/DOPC without polySia (circles) and in the presence of a
polySia (squares) at a concentration of 0.05 mg/ml in the subphase.
2325T. Janas et al. / Biochimica et Biophysica Acta 1808 (2011) 2322–2326molar ratio of 0.01, indicating an aggregation of ODA molecules in the
membrane. In contrast, in the presence of polySia in the subphase at a
concentration of 0.05 mg/ml the values of ΔGexc were negative, with a
tendency of being more negative for higher ODA concentration in the
monolayer. This behavior suggests that the interaction of polySia with
ODA induces disintegration of ODA aggregates, a better mixing of ODA
molecules in the DOPC matrix, and an increased stability of the ﬁlm.
Next, we measured the effects of polySia on membrane fusion by
encapsulating a ﬂuorophore, aminonaphthalene trisulfonic acid (ANTS)
in one set of DOPC liposomes, and an effective ﬂuorescence quencher,
p-xylene-bis-pyridinium (DPX), in another set. Mixing of liposome
contents resulting from fusion of the liposomes was detected as
quenching of ANTS ﬂuorescence at 514 nm. As shown in Fig. 6, polySia
facilitates fusion of liposomes composed of ODA and DOPC at themolar
ratio of 0.1.When polySiawasﬁrst digested byneuraminidase, and then
incubatedwith liposomes, therewas only a little change in ﬂuorescence
as compared with the control (no polySia). A similar phenomenon was
observed in electron microscopy micrographs (not shown). The multi-
vesicular structures, with the biggest vesicle in the center of the
structure and the smallest vesicles at the periphery of the structure,
suggests a fusion between the vesicles induced by polySia. There were
no such structures observed in the absence of polySia or after digestion
of polySia by neuraminidase.4. Discussion
PolySia chains present in aqueous subphase can interact both with a
long-chain base (in our case ODA) and with a zwiterionic phospholipid
(in our case DOPC) in the mixed ODA/DOPC monolayer. These
interactions may be substantial in our experimental system because
there are tens of thousands of DOPC molecules and hundreds of DOPC
molecules in one lipid vesicle, and tens of sialyl monomers within one
polySia chain.
PolySia chains can interactwith phospholipid bilayers [10] and these
cis/trans interactions can be facilitated by the ﬂexibility of polySia chains
resulting from the presence of both helical and random-coil conforma-
tions within one chain [26]. The results of monolayer experiments
indicate that polySia molecules can modulate cis interactions within an
ODA/DOPCmembrane. At small relative concentrations of ODA in DOPC
ﬁlms, ODAmolecules form aggregates and the polySia chains introduced
into the subphase canpreferentially bind to themonolayermolecules (as1
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Fig. 6. Liposomal fusion steady-state assay of ODA/DOPC liposomes, at the molar ratio 0.1,
without polySia (circles), in the presence of polySia (squares) at a concentration of 0.05 mg/
ml, or in the presence of enzymatically digested polySia (triangles) at a concentration of
0.05 mg/ml. The quenching of ANTS ﬂuorescence was monitored in time at 25 °C using
excitation and emission wavelengths of λex=354 nm and λem=509 nm, respectively.indicated by reduced effect of ODA on the limiting molecular area) thus
disrupting these aggregates (as indicated by the inversion of the ΔGexc
values from positive to negative). This disruption allows formation of
polySia-mediated complexes between ODA and DOPC (as indicated by
the inversion of the ΔAex values from positive to negative), and makes
the membrane more thermodynamically stable (as indicated by
increased collapse pressure. In these cases, polySia chain acts as a
multi-bridge attracting both DOPC molecules [10] and ODA molecules,
thus joining tens of different molecules. Since long-chain bases, such as
D-erythro-sphingosine [27] andpsychosine [14], were found to reside in
lipid rafts and psychosine accumulation in membrane rafts is accompa-
nied by thedisruptionof the raft architecture [14], one can speculate that
polySia (bound toNCAM) can interactwith lipid rafts through themulti-
bridge interactions with sphingosines and phospholipids in neural cell
membranes. The binding of polyanions to phospholipid membranes
with effects on stability and properties of membranes was observed in
the case of RNA oligomers [28–32], DNA oligomers/chains [31,33,34],
and hyaluronic acid [35]. The small addition of ODA to dipalmitoylphos-
patidylcholine (DPPC) liposomes andmonolayers resulted in an increase
in the inter-ﬁlm electrostatic repulsion [36]. An increase of praseodym-
ium ions adsorption to ODA/DOPC liposomes and an increase of the rate
of segmental movement of the –CH2 and –CH3 groups in egg-yolk
phosphatidylcholine alkyl chains, and the choline headgrup of lipid
molecules, were observed in the presence of polySia [37].
The results of ﬂuorescence spectroscopy and electron microscopy
experiments indicate that polySia can also modulate trans interactions
between ODA/DOPC vesicles. In this case, polySia can also serve as a
multi-bridge between two apposing membranes attracting both ODA
andDOPCmolecules belonging to different vesicles, thus inducing fusion
of thevesicles. Polyanion-induced fusionbetweenvesiclesprepared from
phospholipids or a mixture of phospholipids and cationic lipids were
observed in the caseDNAoligomers [38–40]. These studies indicated that
reduced distance between membranes triggered fusion between lipid
vesicles. Several polyanions, including polyaspartic acid, DNA and
dextran sulfate, were shown to promote fusion of liposomes containing
positively-chargedoctadecylamineorquaternary ammoniumlong-chain
salt [41,42]. PolySia canmodulate themembranepotential [11,12,37] and
membrane potential can affect membrane fusion process [43], therefore,
a non-direct effect of polySia (through modulation of membrane
potential) is also conceivable. Although the observed phenomena seem
to be general for other biological polyanions, polySia is unique because it
is the only polyanion shown to be permanently attached to plasma
membranes of eukaryotic cells.
It was estimated that ~70% of cellular sphingosine resides in
membranes [44]. Isolated liver plasma membrane contains 0.45 nmol
of sphingosine/mg protein [45]. The long-chain bases ODA and
sphingosines demonstrate common membrane-related cellular ef-
fects. They both inhibit muscarinic cholinergic receptor binding [46],
inhibit enzymes located in themembranes (phospholipases D [47] and
hepatic monoacylglycerol acyltransferase [48]), inhibit the sodium-
calcium exchange in transfected Chinese hamster ovary cells expres-
sing the cardiac isoform of the Na+/Ca2+ exchanger [49], and they
bind with high afﬁnity to the sigma 1 receptor [50].
Sphingosine was found to facilitate fusion between synaptic vesicles
andneural plasmamembrane [13], and polySia is anchored tomembrane
molecules that are involved in synaptic vesicle/synaptic plasma mem-
brane events. For example, NCAM is required to target cycling synaptic
vesicles to active zones during presynaptic maturation [51]. In schizo-
phrenia, a signiﬁcant reduction in the ratio of the twomajor membrane-
bound forms of NCAM (180 and 140) was observed, which could lead to
destabilization of synaptic signaling [52]. Our observations suggest that
polySia may regulate synaptic vesicle fusion with the plasma membrane
and the raft architecture disruption in neural cells through the multi-
bridge interactions with sphingosines and phospholipids,
Although biological long-chain bases contain additional hydroxyl
groups (e.g. sphingosines) and sugar residues (e.g. psychosines), they
2326 T. Janas et al. / Biochimica et Biophysica Acta 1808 (2011) 2322–2326all contain the amino group and a long hydrocarbon chain which
allows them to reside in membranes. When in membranes, the amino
group is most likely positively-charged at physiological pH, as
indicated by experiments using model lipid membranes [15–17] and
electrophoretic mobility measurements [53]. Therefore, the interac-
tion of carboxyl groups of polySia chains with the amino group of ODA
molecules in lipid bilayers reﬂects the interaction of polySia chains
with sphingosine/psychosine.
Our experimentswere performed in theabsenceof proteins andwith
polySia free in solution. Our data imply that polySia chains, attached to
themembrane protein NCAMor to othermembrane anchor, can behave
similarly.
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